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fracture resistance of ceramic crowns placed on endodontically treated teeth has not been clearly established.
Purpose. The purpose of this study was to evaluate the marginal continuity and fracture behavior of high-strength all-ceramic crowns with different substructures in endodontically treated premolars.
Material and methods. Forty-eight human mandibular premolars were assigned to 6 groups including a no-treatment group (UNTREATED) and a group for which the access cavity was restored with composite resin (Tetric Ceram) (COMP). In the remaining 4 groups, teeth were prepared to receive all-ceramic crowns with 0.8-mm-wide shoulders and axial dentin heights of 2 mm. No posts were used in the ENDOCROWN group. Glass fiber posts (FRC Postec) were used in group FRC-POST. Group ZRO-POST received zirconia ceramic posts (CosmoPost), and group GOLD-POST received cast gold posts (CM). Experimental lithia disilicate ceramic crowns were made and adhesively cemented (Variolink). All teeth were subjected to thermal cycling and mechanical loading (TCML) in a masticator (1, 200 ,000 loads, 49 N, 1.7 Hz, 3000 temperature cycles of 5°C-50°C-5°C). Marginal continuity was evaluated with scanning electron microscopy at ×200. All specimens were loaded to failure in a universal testing machine at 0.5 mm/min after TCML. Data were analyzed using 1-way ANOVA and post hoc t tests with Bonferroni correction (α=.05) 
Conclusions.
Marginal continuity of the crowns studied was better and more stress resistant when posts and cores were included in the restoration of endodontically treated teeth with complete ceramic crowns. The placement of a post-and-core foundation did not influence the pattern of failure.
CLINICAL IMPLICATIONS
Based on the comparison of marginal continuity values, the use of a post-and-core foundation is recommended to enhance the stress resistance of lithia disilicate-based ceramic crowns placed on endodontically treated premolars. There seems to be no material tested that would be preferred over the others for the fabrication of the ceramic crown foundations.
preparation reduces the rigidity of the tooth, 1 a tooth with a large loss of tooth structure generally requires a post-and-core foundation to provide restoration retention. 2 To avoid possible operational errors during post space preparation, 3 an alternative approach without use of endodontic posts, described as an endo-crown, was introduced. 4 Endo-crowns are described as crowns fabricated for endodontically treated teeth without the placement of access cavity restorations. They completely cover all cusps and extend into the access cavity to the pulpal floor level. Endodontically treated molars restored with endo-crowns have been reported to be clinically successful. 5 However, a clinical and an in vitro study indicated more frequent problems with endodontically treated premolars restored with endo-crowns. 5, 6 Composite resin endocrowns, and composite resin crowns with different types of post-and-core substructures, showed few differences regarding fracture patterns and loads to failure. 6 After thermomechanical loading in a computer-controlled device simulating mastication, composite resin endo-crowns exhibited severe marginal continuity losses, indicating a higher risk for marginal discoloration, 7 secondary caries, or restoration debonding. 8 Endodontically treated teeth restored with high flexural strength posts (gold alloy: 90 GPa and zirconia ceramic: 200 GPa) had negligible decreases in marginal continuity at the tooth-to-luting-composite resin interface. 6 Glass fiber post (30 GPa) and composite resin core (14 GPa) foundations combined with composite resin crowns with a low modulus of elasticity (14 GPa) resulted in significantly greater marginal continuity losses. 6 It was concluded that more rigid post materials had a significantly positive effect on the marginal continuity of composite resin crowns. 6 Even though the optimal modulus of elasticity for a post has been discussed, the issue remains controversial. [9] [10] [11] Rigid posts and cores may support coronal restorations better and distribute stress more uniformly; however, if the tooth is overloaded, a catastrophic failure, such as a vertical or deep root fracture, may result. 12, 13 A more elastic post may bend under high loads, resulting in loss or failure of the restoration, but would leave the root intact for retreatment. 14, 15 However, an elastic post may allow the restoration to move and compromise the luting cement.
Subsequent leakage would put the tooth at risk for secondary caries and/or root canal reinfection. 6, 8, 16 This hypothesis may be confirmed by clinical data, which indicated more secondary caries in endodontically treated premolars with fiber posts and composite resin restorations compared to amalgam restorations. 17 However, according to one literature review, no clear advantages were identified for any of the tested post materials. 18 In contrast, another literature review described advantages for glass fiber-reinforced composite resin posts. 19 The aim of the present study was to evaluate marginal continuity, fracture modes, and loads to failure of rigid lithia disilicate-based all-ceramic crowns placed on endodontically treated premolars supported by different substructures. A computer-controlled device to simulate mastication with simultaneous thermal cycling was chosen to simulate degradation of restorative materials in the oral cavity by cyclic loading. Subsequently, specimens were loaded to failure to evaluate failure behavior. Static loads were applied in an oblique direction, which is more detrimental than an axial load. 20 Crown preparations, foundations, and loading procedures were identical to those of a previous study, except for the ceramic material used to fabricate the crowns. 6 It was hypothesized that a rigid crown material, combined with a preparation design leaving a substantial amount of residual tooth structure, would limit the bending movements of intermittently loaded crowns by reducing the influence of foundation flexure. Therefore, the first null hypothesis was that marginal continuity of all-ceramic crown restorations placed on endodontically treated premolars would not be diminished by repetitive loading. The second null hypothesis was that loads to failure would not differ between the test groups.
MATERIAL AND METHODS
From the data of a previous study, 6 a power analysis was done to determine the number of specimens that would be required in each test group to determine statistical differences between the groups. Based on this analysis, 48 mandibular premolars were selected by visual the University of Zurich supervised correct handling of the specimens. All external debris was manually cleaned from the teeth with dental scalers, nylon bristle brushes, and pumice.
The teeth for groups COMP, ENDOCROWN, FRC-POST, ZRO-POST, and GOLD-POST received root canal treatment as described previously. 6 The access cavities were closed with a provisional restorative material (Cavit; 3M ESPE, Seefeld, Germany). To ensure complete setting of the provisional material, all teeth were immersed in tap water at 37°C for 7 days.
Teeth in group UNTREATED were left untreated ( After 60 minutes of cooling to room temperature, the posts and cores were removed and airborne-particle abraded using aluminum oxide (50 µm; Kaladent, Zürich, Switzerland) at 2 bar pressure. The posts were cleaned with steam and filled with luting resin (Variolink; Ivoclar Vivadent), and dentin bonding procedures were performed as described for group FRC-POST ( Fig. 1, A) .
In group GOLD-POST, 10-mm-deep preparations, impressions, and casts for size 4
(cervical diameter 1.5 mm) cylindroconical precious alloy posts (CM RCP, lot 029144; Cendres & Metaux) were made as described for ZRO-POST. The posts were reduced to a length of 15 mm and placed in post spaces prepared in the roots. Wax cores were directly formed (SchulerDental), and the post and core assemblies were invested (Fujivest Super; GC Corp). After warming for 50 minutes to 750°C, the cores were cast with a gold alloy (Aurofluid, lot 0052577;
Metalor Dental AG, Oensingen, Switzerland). The castings were allowed to bench cool for 30 minutes, then separated from investment, airborne-particle abraded, and cleaned (Deoxybath;
DeguDent, Hanau, Germany). Before insertion, posts and dentin were cleaned with 75% ethanol.
Glass-ionomer cement (Ketac Cem; 3M ESPE) was applied to the posts and cores, which were subsequently inserted into the prepared post spaces (Table I) For all 4 experimental groups, an individual impression (President Plus light body, Coltène/Whaledent AG) was made for each root/post-and-core assembly and dental stone dies were produced (Fujirock; GC Corp). Crowns in the form of second premolars were formed in wax (Schuler-Dental) using standardized split molds. 6 The slight differences in the cervical diameters of the premolars were manually corrected with wax ( Fig. 1, B cooling for about 60 minutes, the investment was removed, and the crowns were cleaned with 50-µm aluminum oxide at 2 bar pressure and adjusted to their individual dies (Fig. 1, C were assessed for the following criteria, expressed as percentages of the total lengths examined:
continuous margin (no gap, no interruption to continuity), or noncontinuous "imperfect" margins (gap due to adhesive or cohesive failure, fracture of the restorative material, or fracture of the dentin related to restoration margins). The operator was calibrated to these procedures with help of a booklet with typical SEM photographs of the latter criteria. According to internal recalibrations, measurement error for this method is less than 3%.
All specimens were loaded mechanically at the center of the occlusal surface in the computer-controlled masticator (CoCoM 2; PPK).The stress consisted of 1.2 million occlusal loads of 49 N at 1.7 Hz and simultaneous thermal stress with 3000 temperature cycles of 5°C-50°C-5°C. Specimens were then placed in a custom-made carrier with an inclination of 60 degrees (loading angle: 120 ±5 degrees) and loaded in a universal testing machine (Schenck the lingual ridge of the buccal cusps (Fig. 2) . The crosshead speed of 0.5 mm/min continued until the first major load drop occurred. A 0.5-mm piece of tin foil between the steel sphere and crown allowed a more equal load distribution on the ceramic crown surface. The loads were recorded in newtons and mean values were calculated per group. After fracture, the fragments were analyzed for the failure mode: crown fracture, tooth/root fracture, and post fracture. Tooth fractures that might clinically allow for a new replacement crown were rated "reparable." Tooth/root fractures that would require tooth extraction were rated "problematic." These inspections were made with help of a stereomicroscope (Stemi 2000; Carl Zeiss AG). During inspection, teeth were transilluminated (Translight 5000; Volpi AG, Schlieren, Switzerland). Classification was based on a 2-examiner agreement. Cohen's kappa value for examiner agreement was 0.9.
After testing for normal distribution using the Kolmogorov-Smirnov test, marginal continuity between groups was compared statistically using 1-way analysis of variance (ANOVA). Since some range in variances existed, data was additionally analyzed with a MannWhitney U test, which provided the same results. Hence, the pairwise testing was reported.
Initial and terminal values were compared with repeated measures ANOVA. Loads to failure were compared using 1-way ANOVA. Post hoc testing was performed with t tests and a Between the luting composite resin and lithium disilicate-reinforced all-ceramic crowns, the percentage of continuous margins was 67.2 ±12.7% before thermomechanical loading.
Significant differences were found between ENDOCROWN (76.9 ±11.5) and ZRO-POST (56.1
±3.4, P<.001).
After thermomechanical loading, a significant decrease in marginal continuity was observed in FRC-POST, ZRO-POST, and GOLD-POST groups (P<.001). Marginal continuity decreased to values between 33.5 ±7.7% (ZRO-POST) and 53.9 ±16.9% (ENDOCROWN). However, differences between the groups were not significant after thermomechanical loading (Fig. 3) . (Table II) . In all groups with endodontic posts, deep root fractures involving the apical end of the post space were observed by transillumination (Fig. 4) .
DISCUSSION
The data support rejection of the first null hypothesis, which stated that marginal continuity assessment values would not decrease under repetitive loading. Marginal continuity values for all-ceramic crown restorations placed on endodontically treated premolars decreased even though the material used for crown fabrication was rigid. However, the decrease was only significant for foundations with glass fiber-reinforced composite resin posts and endo-crowns.
With more rigid posts, this decrease was not significant. The data do not support rejection of the second null hypothesis that loads to failure did not differ between the test groups. Coronal leakage and fractures are considered to be primary reasons for the ultimate failure of endodontically treated teeth. 12 Therefore, these critical parameters were analyzed in this study.
Marginal continuity was analyzed before and after dynamic thermomechanical loading.
Subsequent static loading was used to measure loads to failure and to analyze failure patterns of the test specimens. The load was applied in an oblique direction, which is more detrimental than an axial load. 20 Although much effort was made to simulate the clinical service of endodontically treated premolars, a study limitation is that many factors that might influence restoration longevity, such as nutrition, bruxism, and other individual parafunctional habits, were not simulated. Another limitation is that the results are obtained with test specimens made using a single ceramic crown material, which renders generalizations derived from the results difficult.
To evaluate the influence of the crown material on marginal continuity and fracture behavior, the study was designed to be similar to a recently published study by Stricker and Göhring. 6 Therefore, all preparations, post and core materials, and foundation fabrication procedures were identical. In contrast to this previous study, in which fine-hybrid composite resin crowns were used (Targis; Ivoclar Vivadent), crowns in the present study were made of an experimental pressable high-strength ceramic. This ceramic was selected because it was described as a hydrofluoric acid-etchable ceramic, compatible with established adhesive luting procedures. Moreover, it has a high flexural strength of 400 MPa when subjected to a 3-point bending test, as purported by the manufacturer. Based on this strength, the material was rated suitable for single tooth copings and fixed partial denture frameworks in the anterior and premolar region.
To achieve maximum standardization, the same split molds used to form composite resin crowns in the previous study 6 were used in the present study to mold wax crowns. Therefore, crown sizes and dimensions were similar in all groups, in both studies. Therefore, the results from the 2 studies could be compared. In both studies, the poorest marginal continuity between tooth structure and luting composite resin was measured for endo-crowns without posts after thermomechanical loading. This might indicate a higher risk for clinical failures with endocrowns resulting from bacterial penetration, secondary caries, and loss of retention, independent of the materials used. 8 This is in agreement with clinical data regarding endo-crowns placed on premolars. 5 Better marginal continuity values were obtained after thermomechanical loading when endodontic posts were used in the restorations. This observation is in agreement with the findings reported by Stricker and Göhring 6 in their investigation of composite resin crowns. No significant differences were detected between groups, irrespective of the post and core materials used. Again, the greatest loss of marginal continuity was observed with the less rigid FRC posts when data before and after thermomechanical loading were compared. This result may support data from a finite element analysis study, in which high stress was measured cervically at the tooth-to-restoration interface in teeth restored with FRC posts. 16 However, in the present study, this decrease in marginal continuity of all-ceramic crowns resulted in measurements of more than 80% continuous margins. For comparison, marginal continuity of composite resin crowns decreased from approximately 95% continuous margins initially to 65% after thermomechanical loading. 6 In this situation, in which tooth preparations and crown foundations were identical, the stronger, more rigid all-ceramic crown material seems to have positively affected marginal continuity values. This crown material combined with the ferrule effect provided by the crown design might also explain why no significant differences could be detected in marginal continuity between post-and-core restored groups after thermomechanical loading.
Regarding susceptibility for secondary caries, the interface between the luting composite resin and crown may not be as critical as the tooth structure-luting resin interface. However, if a gap occurs at this interface, discoloration may lead to an unsightly delineation of the crown margin. 7 Initial values of 70%, which decreased after thermomechanical loading to values of approximately 40%, were unexpected. Therefore, a second researcher, who was again blinded to group assignment of the specimens, repeated all measurements. Both sets of measurements were identical. It might be that the micromechanical retention achievable by etching the intaglio crown surfaces with hydrofluoric acid was not sufficient for creating an adequate bond between composite resin and the lithia disilicate-based ceramic. Whereas marginal continuity is a good indicator of effective resin bonding to cervical root dentin, the ideal pretreatment for adhesive resin bonding to lithia disilicate-based ceramic surfaces should be evaluated and optimized in further studies. N. 14, 21 Values recorded in the present study were those for catastrophic failure. First minor load drops and first crack sounds were recorded at lower values, between 212 to 944 N for some specimens before catastrophic failure. However, in about one third of the specimens, the first crack sound or load drop was identical with catastrophic failure. There was no characteristic pattern of first crack signs and the distribution was uneven. Therefore, the decision was made to present only the data for catastrophic failure.
With these comparably high loads to failure, lithia disilicate-based ceramic crowns seemed to be superior to composite resin crowns, which failed at mean values between 450 N and 670 N. In contrast to the composite resin crown study, 6 in which no deep root fractures were observed, such fractures were detected in all groups of the current study. One tooth with an endo-crown, 3 teeth in group GOLD-POST, and 4 teeth in each of the FRC-POST and ZRO-POST groups developed deep root fractures. These fractures directly involved the apical end of the post space. Load transfers from rigid ceramic crowns via a rigid post to the post space walls results in high stresses at the post-to-root dentin interface. 16 This resulted in deep root fractures such as those observed in other studies. [11] [12] [13] These fractures occurred independent of materials used for post fabrication. Although no deep root fractures were observed with composite resin crowns, and most of these specimens failed from fractures of the composite resin crown material, the same number of specimens failed with problematic fracture modes in both studies. The failure of the composite resin crowns was usually accompanied by chiplike fractures of the cervical dentin, 3 to 5 mm below the original finish line. 6 Therefore, the fracture of composite resin crowns under lower loads did not result in reparable failures. Consequently, this type of crown could not be recommended. 6 The lack of an advantage for FRC posts with regard to load transfer in the present study is in contrast to a previous finite element study. 16 It is also in contrast to a literature review of in vitro studies, where FRC posts frequently showed more favorable failure modes compared with metal posts. 19 However, another study showed that FRC posts can produce failures similar to those reported for rigid ceramic posts. 14 In a different literature review on performance of endodontic posts, it was concluded that great differences in failure rates for different post systems were not obvious. 18 This is in agreement with the results from the present study. Factors, such as the amount of remaining tooth structure, ferrule effect of the crown, and material composition of the crown, as well as magnitude and direction of functional loads, seem to have a greater influence on survival than the specific post system used. 18 As shown in the current study, specimens without endodontic posts displayed poor marginal continuity without any advantages with regard to failure behavior. Thus, the idea that risks related to post space preparation in premolars could be avoided by using currently available adhesive bonding materials should be reconsidered. If a post space preparation cannot be completely avoided, it might be beneficial to have further in vitro studies focused on using short adhesively bonded posts. This approach might decrease the risk of operational errors in post space preparations and might overcome application problems that accompany the use of contemporary adhesive systems in deep post space preparations. Groups with same uppercase letters did not significantly differ statistically (P>.05).
* 95% confidence interval for probability of reparable fracture 
